Farnesiferol C (FC) is one of the major compounds isolated from Ferula assafoetida, an Asian herbal spice used for cancer treatment as a folk remedy. Here, we examined the hypothesis that novel antiangiogenic activities of FC contribute to anticancer efficacy. In human umbilical vein endothelial cells (HUVEC), exposure to the 10 to 40 μmol/L concentration range of FC inhibited vascular endothelial growth factor (VEGF)-induced cell proliferation, migration, invasion, tube formation, and the expression of matrix metalloproteinase-2. In addition, FC inhibited the angiogenic sprouting of VEGF-treated rat aorta in an ex vivo model. Furthermore, FC inhibited the in vivo growth of mouse Lewis lung cancer allograft model by 60% (P < 0.001) at a daily i.p. dosage of 1 mg/kg body weight without any negative effect on the weight of the host mice. Immunohistochemistry staining showed decreased microvessel density (CD34) and proliferative index (Ki-67) without affecting the apoptotic (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) index. Mechanistically, FC decreased the binding of VEGF to VEGFR1/Flt-1, but not to VEGFR2/KDR/Flk-1.
Introduction
Farnesiferol C (FC) is one of the sesquiterpene coumarin compounds isolated from the resin of Ferula assafoetida L., which is used as a food spice in many Asian countries and for the treatment of asthma, bronchitis, ulcer, kidney stone, pain, and cancer in traditional herbal medicine. F. assafoetida L. was reported to have antitumor (1, 2) , antimutagenic (2) , and antiviral activities (3) . The underlying mechanism of its antitumor activity and the active chemical(s) remain unclear. Considering that some coumarin compounds have been reported to possess antiangiogenic activity (4) (5) (6) (7) and that angiogenesis is critical for cancer growth and progression (8, 9) , we sought to test the hypothesis that FC might exert antiangiogenic activity to contribute to the cancer therapeutic or preventive effect.
Angiogenesis involves the growth of new blood vessels from preexisting vessels (8, 9) . The angiogenic responses involve many biochemical and molecular signaling events and complex cellular processes, such as endothelial cell proliferation, directional migration, basement membrane degradation, and remodeling by matrix metalloproteinase (especially MMP-2), capillary tube formation, and differentiation (10, 11) . Vascular endothelial growth factor (VEGF) is a potent proangiogenic factor crucial for tumor vascular development (12) (13) (14) . Of the VEGF families of proteins, VEGF-A isoforms such as VEGF 165 and VEGF 121 exert mitogenic and proangiogenic actions on the endothelial cells through binding to membrane protein tyrosine kinase receptors expressed on endothelial cells, including VEGFR1 (also known as Flt-1 for Fms-like tyrosine kinase-1) and VEGFR2 (also known as Flk-1 for fetal liver kinase-1 or KDR for kinase insert domaincontaining receptor; refs. 12, 14, 15) . VEGFR2 is by far the most important receptor for VEGF-A signaling in vascular endothelial cells (12) .
Clinical trials in the last few years with antiangiogenic modalities targeting VEGF-A/VEGFR2 using inactivating monoclonal antibodies or kinase inhibitor drugs as single agents or in combination with chemotherapy have shown some survival benefit in cancer patients of an increasing number of advanced-stage malignancies (16) . However, the benefits are at best transitory and are followed by restoration of tumor growth and progression. Major hurdles for clinical implementation include limited efficacy, rapid development of escape, and resistance to the antiangiogenic modalities; in rare cases, severe toxicity may occur, arising from VEGF-A/VEGFR2 ablation-induced severe hypoxia and its complications (16, 17) . On the other hand, VEGFR1 is expressed not only in endothelial cells but also in many other cell types, such as macrophages, stromal cells, pericytes, smooth muscle cells, tumor cells, dendritic cells, bone marrow progenitors, and leukemic cells (17) . VEGFR1 binds placental growth factor and VEGF-B in addition to VEGF-A. Naturally occurring soluble nonsignaling VEGFR1 or genetically engineered VEGFR1 serve as traps for VEGF-A due to the much tighter binding than VEGFR2 for VEGF-A (17) . As more mechanistic studies reveal that the ligand specificity and signaling consequences for the VEGFRs are not equivalent and important cross-talks among different ligand-VEGFR signaling cascades within and among endothelial and many other cell types comprise the tumor angiogenesis environment, approaches targeting other VEGFRs and ligand signaling may complement the existing VEGF/VEGFR2 antiangiogenesis modalities to improve the cancer treatment efficacy and patient safety (16, 17) . Toward this end, small molecular compounds that target different VEGFRs will add to the arsenal of antiangiogenesis drug leads. We and others have shown that small-molecule angiogenesis inhibitors present in Oriental herbs that interfere with VEGF-A/VEGFR signaling could be potentially valuable for antiangiogenic treatment of cancer in preclinical models (18) (19) (20) (21) (22) .
In the present study, we investigated the antiangiogenic attributes of FC in VEGF-A-stimulated human umbilical vein endothelial cell (HUVEC) model and its efficacy against the sprouting of VEGF-treated rat aortic endothelial cells in an ex vivo model. We established its in vivo anticancer effect in the highly angiogenic Lewis lung cancer (LLC) allograft model. In addition, we examined associated molecular mechanisms in terms of VEGF/VEGFR1/2 binding and VEGFR kinase signaling cascades. We report here data suggesting a differential targeting by FC of the VEGFR1 and VEGFR2 signaling axis. Furthermore, computational docking simulations with Src kinase and focal adhesion kinase (FAK) proteins suggest possible direct inhibition of their kinase activities by FC.
Materials and Methods
Isolation of FC from F. assafoetida L.
Dried F. assafoetida L. (1.2 kg) was extracted with methanol. The methanol extract (460 g) was successively fractionated with n-hexane, dichloromethane, and n-butanol. Each fraction was evaporated under vacuum. Further separation of the dichloromethane fraction (5 g) was done using silica gel column chromatography (Merck Kieselgel 60, 70-230 mesh, 300 g) with dichloromethane/methanol solution (100:1-10:1) as an eluent to yield four fractions (Fr.1-Fr.4). Among them, Fr.3 was chromatographed on a silica gel column using n-hexane/ethyl acetate (4:1-1:1) as an eluent to yield subfractions. Subfractions were further separated through a Sephadex LH-20 (ethyl acetate/methanol, 10:1) and purified by high performance liquid chromatography JAI-ODS column using methanol to yield crystalline (purity >99% Fig. 1A . Results of spectral analyses are shown in Supplementary Fig. S1 .
FC was dissolved in dimethyl sulfoxide for the in vitro studies and dissolved in dimethyl sulfoxide then diluted with PBS for the in vivo study.
Cell Culture
HUVECs were prepared from primary culture of human umbilical cord veins as we have described previously (18) . The adherent (culture flasks were coated with 0.1% gelatin) endothelial cells were maintained in M199 medium plus 20% heat-inactivated fetal bovine serum (FBS, Gibco), 3 μg/mL of basic fibroblast growth factor, 100 units/mL of penicillin/streptomycin, and 2 mmol/L L-glutamine (complete medium) and incubated at 37°C in 5% CO 2 . Once confluent, the cells were detached by trypsin-EDTA solution and used in experiments from the third to the sixth passages. Mouse Lewis lung carcinoma (LLC) cells were kindly provided by Dr. K. Takeda (Tohoku University, Tohoku, Japan). They were maintained as monolayer cultures in Eagle's minimal essential medium (Gibco) supplemented with 10% FBS. LLC cells were collected by brief treatment with trypsin-EDTA and used for the in vivo experiment.
The following assays were routinely used by our laboratories. Cytotoxicity and cell proliferation assays for HUVECs were carried out with the metabolic dye 2,3-bis[2-4-nitro-5-sulfophenly]-2H-tetrazolium-5-carboxanilide (XTT) as we have reported previously (18) . HUVEC tube formation assay, Western blotting, and immunohistochemistry were carried out essentially as reported previously (18, 20) .
Motility Assay
Motility assay for HUVECs was based on "scratch" wounding a confluent monolayer (23) . HUVECs (3 × 10 5 ) were seeded onto 0.1% gelatin-coated six-well plates in complete medium until a confluent monolayer was formed. The cells were scratch wounded using the tip of a universal 200 μL pipette tip. Then, cells were treated with FC in M199 with 5% FBS, 10 ng/mL VEGF, and 5 units/mL heparin. After 16-h incubation, the cells were rinsed with PBS and stained in Diff Quick solution, and randomly chosen fields were photographed under a light microscope at ×200 magnification. The number of migrated cells was counted.
Invasion Assay
Invasion assay was done using modified Boyden chamber as we have described previously (20) using Matrigel (BD Bioscience)-coated polycarbonate Nucleopore membrane (Corning; 8-μm pore size). Serum-free M199 medium containing VEGF (10 ng/mL) was pipetted into the lower wells. HUVECs were trypsinized and suspended at a density of 1 × 10 5 cells/100 μL in the serum-free M199 medium without VEGF. Then, the cells were pretreated with FC for 30 min at room temperature and 100 μL of the cell suspension were loaded into the upper wells. The chamber was incubated in 5% CO 2 at 37°C. After 12-h incubation, the membrane was fixed and stained with Diff-Quick solution. Invasiveness was determined by counting the cells that have passed through the filter.
Gelatin Zymography
We detected secreted pro-MMP-2 in HUVEC conditioned medium essentially as described by Jiang and colleagues (24) . HUVECs (80% confluent) were washed with serum-free M199 and incubated with or without VEGF (10 ng/mL) containing FC for 20 h. The proteins in conditioned medium were size fractionated on a 10% Figure 1 . A, structure of FC. B, cytotoxic effect of FC on HUVECs under nonproliferative conditions. HUVEC cells were exposed to FC in M199 medium containing 5% FBS (without heparin and growth factors) for 24 h and the proportion of metabolically viable cells was assessed by the XTT assay. Mean ± SEM, n = 3. ***, P < 0.01; ***, P < 0.001 compared with control. C, effect of FC on VEGF-induced tube formation (18-h stimulation in the absence or presence of FC). Data in graph were presented as mean ± SEM, n = 5 fields. ###, P < 0.001 compared with basal control; ***, P < 0.001 compared with VEGF-stimulated group. D, effect of FC on VEGF-A (10 ng/mL)-induced proliferation of HUVECs for 48 h. The relative number of metabolically viable cells were estimated by the XTT assay. Data were means ± SEM, n = 3 independent wells. ###, P < 0.001 compared with basal control; *, P < 0.05 compared with VEGF-stimulated group.
SDS-polyacrylamide gel impregnated with 0.1% gelatin. Next, MMP2 and other MMPs were activated in gel for 18 h at 37°C. Gels were fixed, stained with 0.25% Coomassie brilliant blue R250, and destained. Gelatinase activity was visualized as cleared band on the stained gel.
VEGFR Binding Assay
We performed the assay following a protocol by Lee et al. (19) . VEGF (50 ng/well) in 50 μL of PBS were immobilized to 96-well plates. The wells were washed and blocked with 3% bovine serum albumin in PBS for 2 h. FC with 1% bovine serum albumin in PBS were added with Flt-1-Fc (VEGFR1) or KDR/Flk-1 (VEGFR2; 25 ng/ mL) to VEGF-coated wells. After 2-h incubation, the wells were washed thrice with PBST. Flt-1 or KDR/Flk-1 bound to VEGF was determined by biotinylated anti-human IgG (Dako) and horseradish peroxidase-conjugated streptavidin (Sigma), developed with tetramethylbenzidine substrate reagent (BD Biosciences), and quantified by measuring the absorbance at 450 nm.
Aortic Ring Assay
We used tissues from 6-wk-old male Sprague-Dawley rats essentially as described by Kruger et al. (25) . The aortic rings were placed into the wells of plates (48-well) coated with 150 μL of Matrigel and sealed in place with an overlay of 50 μL of Matrigel. VEGF with or without FC was added to the wells in a final volume of 200 μL of serum-free M199 medium, whereas medium alone was used as basal control. On day 6, the aortic ring cells were fixed and stained with Diff-Quick. The number of sprouts was counted.
In vitro Kinase Activity
We measured endogenous Src kinase according to the manufacturer's instructions (Upstate Biotechnology). In brief, the supernatant containing 200 μg of protein per sample, derived from HUVECs that were stimulated with VEGF (10 min) in the absence or presence of FC (pretreated 30 min), was incubated with 1 μg of Src monoclonal antibody at 4°C overnight. Immunoprecipitated Src was incubated in optimized buffer (with 0.2 μCi of [γ-32 P]ATP) for 30 min at 30°C with agitation. The reaction was stopped by adding trichloroacetic acid, and an aliquot was transferred onto P81 paper square. The assay squares were washed and were transferred to a scintillation vial for scintillation counting. The activity of the recombinant enzyme was determined by using 20 ng of purified active form of Src kinase (Upstate Biotechnology).
LLC Allograft Tumor Model
We carried out in vivo studies as described previously (18, 20) . Five-week-old female C57BL/6 mice were purchased from Daehan Biolink and given food and water ad libitum. Mice were housed in a room maintained at 25 ± 1°C with 55% relative humidity. Each group consisted of 10 mice. One week later, LLC cells (3 × 10 5 ) in 200 μL PBS were s.c. inoculated into the right flank of mice. Five days after LLC inoculation, mice were given an i.p. injection of FC at doses of 0.1 and 1 mg/kg daily for 12 d, whereas control mice were administered with PBS. These dosages were chosen based on an assumption of achieving circulating levels of FC modeled in the in vitro models to exert antiangiogenic action as the primary mediating mechanism against tumor growth.
Molecular Modeling
The coordinates of the protein structures were obtained from the Protein Data Bank: 1Y57 (26) for active Src tyrosine kinase, 2H8H (27) for inactive Src kinase, and 2IJM for FAK. 5 The protein structures were aligned with Align Structures by Homology Module in SYBYL molecular modeling program (Tripos International). 1Y57 was used as a fixed reference protein, and the rest of the protein structures were aligned onto 1Y57 based on their α carbons.
The X-ray crystal structures were prepared using the Biopolymer Structure Preparation Tool in SYBYL and used for flexible docking studies with Surflex-Dock (28) implemented in SYBYL. The crystal ligand was used to define the active site for Surflex-Dock (using ligand mode), which uses an idealized active site called a protomol, built from the hydrogen-containing protein mol2 file and based on protein residues that line the active site using standard variables. The three-dimensional structures of tested molecules were generated with Concord and energy minimized using the MMFF94s force field (method, Powell; termination gradient, 0.05 kcal/mol Å; max iterations, 1 × 10 6 ) in SYBYL. Surflex-Dock was run using default settings (except additional starting conformations per molecule of 10), and the 50 best-docked poses for each ligand were analyzed. All computational studies were done with the Tripos SYBYL molecular modeling program package, version 8.0.2, on a Linux (RHEL 4.0 Intel Xeon processor 5050) workstation.
Statistical Analysis
All data were presented as means ± SD or SEM. The statistical significance of differences among groups was evaluated by ANOVA.
Results

Defining the Cytotoxic Range of FC against Nonproliferative HUVECs
The cytotoxic activity of FC against HUVECs was assessed without the supplementation of angiogenic factors in 5% FBS-containing M199 medium (condition did not support proliferation). FC treatment for 24 hours caused a modest decrease in the percentage of metabolically viable HUVECs at 50 μmol/L, and greatly decreased viability at 100 and 200 μmol/L (Fig. 1B) . The concentration for 50% inhibition (IC 50 ) of viability was ∼70 μmol/L.
Effect of FC on VEGF-Induced HUVEC Tube Formation
A well-known in vitro angiogenesis test is "tube formation" by HUVECs into interconnected cords when seeded Figure 2 . A, effect of FC on VEGF-induced cell motility (wound-healing test). Confluent HUVEC monolayers on 0.1% gelatin-coated six-well plates were scratch wounded. The cells were treated with various concentrations of FC in M199 with 5% FBS, 10 ng/mL VEGF, and 5 units/mL heparin for 16 h. Representative fields were photographed, ×100 magnification. Graph shows the quantitative effect of FC on VEGF-induced HUVEC motility. Data were presented as mean ± SEM, n = 3 wells. ###, P < 0.001 compared with basal control; **, P < 0.01; ***, P < 0.001 versus VEGF-stimulated group. B, effect of FC on VEGF-induced invasion of HUVEC through Matrigel in 12 h. Data were presented as means ± SEM n = 3 wells. ###, P < 0.001 compared with basal control; **, P < 0.01 compared with VEGF-stimulated group. C, effect of FC on VEGF-induced MMP-2 secretion from HUVECs after 20 h examined by zymography. D, effect of FC on VEGF-induced vessel sprouting ex vivo from rat aortic segments. Rat aortic segments were cultured on Matrigel and treated with VEGF (20 ng/mL) in the absence or presence of FC for 6 d. Graph shows the endothelial sprouts counts as the relative ratio to VEGF-stimulated control as 100. Data were presented as mean ± SEM, n = 3 aortas. ##, P < 0.01 compared with basal control; *, P < 0.05 and **, P < 0.01 compared with VEGF-stimulated control. (Fig. 1C) , as evidenced by the length and thickness of the cords and the complexity of the branching structures. FC treatment inhibited the VEGF-A-promoted tube formation of HUVECs in a concentration-dependent manner (Fig. 1C) , with IC 50 of 20 μmol/L and a complete reversal to baseline at 40 μmol/L. These data suggested that FC might interfere with critical cellular processes mediating the in vitro angiogenic responses to VEGF without overt cytotoxicity.
Effect of FC on VEGF-Induced Proliferation of HUVECs
Vascular endothelial cells in existing blood vessels usually remain quiescent until stimulated by angiogenic factors to proliferate. As shown in Fig. 1D , VEGF-A (10 ng/ mL) stimulation for 48 h increased the number of HUVECs ∼2-fold. FC inhibited VEGF-induced increment of XTT-viable HUVECs above the unstimulated baseline by >60% at 20 μmol/L when compared with VEGF stimulation alone. The IC 50 of FC to inhibit the VEGF-induced increment of cell proliferation was ∼15 μmol/L.
Effect of FC on VEGF-Induced Migration, Invasion, and MMP-2 Secretion of HUVECs
Motility and migration of vascular endothelial cells are important in the angiogenic sprouting process. To determine the effects of FC on endothelial cell migration stimulated by VEGF, we scraped confluent monolayers of HUVECs to clear space for motile cells to move into. As shown in Fig. 2A , in the absence of VEGF, HUVEC cells did not fill the gap even after 16 hours of "wounding" the monolayer. Stimulation by VEGF-A (10 ng/mL) for 16 hours increased HUVEC motility to nearly fill in the gap. FC inhibited VEGF-induced migration of HUVECs, with half-maximal inhibition at ∼20 μmol/L (Fig. 2A, graph) .
Because directional motility and matrix degradation are crucial for angiogenesis sprouting, we next examined whether FC affected the invasion ability of HUVECs using the Boyden chamber assay, which required cells to degrade and migrate through a sheet of extracellular matrix on a Matrigel-coated membrane. As shown in Fig. 2B , VEGF induced a 5-fold increase of HUVECs that passed the filter in 12 hours, and this effect was decreased by FC, with IC 50 below 20 μmol/L (graph).
Because invasion requires the degradation of extracellular matrix components, we examined the effect of FC on the secretion of pro-MMP-2 from HUVECs using a zymography assay (Fig. 2C) . The protease secretion was inhibited by FC with IC 50 of ∼20 μmol/L.
Effect of FC on VEGF-Induced Vessel Sprouting Ex vivo
The above experiments have revealed significant inhibitory actions of FC on a number of VEGF-induced molecular signaling pathways and cellular processes in HUVECs in the absence of other cell types or organ structural context. We next did an ex vivo aortic ring angiogenesis sprouting assay to confirm the antiangiogenic activity of FC when the target endothelial cells were organized in the three-dimensional organ context of the aorta. VEGF (20 ng/mL) significantly stimulated vessel sprouting (Fig. 2D , middle image, meshwork of lightly stained capillaries marked by arrow). The VEGFstimulated sprouting was inhibited by FC with an IC 50 of ∼10 μmol/L (Fig. 2D, graph) . Mean ± SD, n = 10 mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with control. C, CD34 index (angiogenesis). D, Ki67 index (proliferation), E, TUNEL index (apoptosis). *, P < 0.05; **, P < 0.01 compared with control. Mean ± SD, n = 10.
Effect of FC on Tumor Growth In vivo
Prompted by the in vitro and ex vivo data supporting a potential antiangiogenic activity of FC, we examined the in vivo efficacy of FC on the growth of mouse Lewis lung cancer (LLC) allograft, which is highly dependent on angiogenesis. The FC-treated groups (0.1 and 1 mg/kg) showed slower growth kinetics of LLC allografts than those in the control group (Fig. 3B) . The final tumor weight was decreased in a dose-dependent manner by FC (2.73 g ± 0.13, 1.87 g ± 0.42, and 1.10 g ± 0.17, respectively), being highly statistically significant at the 1 mg/kg dose (P < 0.001). FC did not cause reduced body weight of the host mice (Fig. 3A) or other side effects such as hair loss, mortality, and lethargy.
Effect of FC on In vivo Indices of Angiogenesis, Proliferation, and Apoptosis
We examined CD34 staining for newly formed blood vessels, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) index for apoptosis, and Ki67 staining index for cellular proliferation (see Supplementary Fig. S2 for staining patterns). Treatment by FC caused a dose-dependent trend of reduction of microvessel density by FC, with 1 mg/kg dose producing a statistically significant reduction (Fig. 3C) . Furthermore, FC treatment at the effective dose of 1 mg/kg significantly decreased the Ki-67 index in vivo (Fig. 3D) . However, TUNEL staining for apoptosis showed no difference between FC-treated groups and control group (Fig. 3E) .
To understand the molecular signaling mechanisms involved in accounting for the antiangiogenic and antitumor actions of FC established above, we focused subsequent efforts on the VEGF-VEGFR signaling pathways.
Differential Effect of FC on the Binding of VEGF to Its Receptors
Next, we investigated whether FC inhibited the binding of VEGF to its receptors, VEGFR1 (Flt-1, high affinity) and VEGFR2 (Flk-1/KDR, low affinity). As shown in Fig. 4A , FC decreased the binding of VEGFR1 to immobilized VEGF with IC 50 of ∼15 μmol/L. However, FC did not affect the binding between VEGF and VEGFR2 (Fig. 4A) .
Effect of FC on VEGFR Downstream Signaling
We examined the effect of FC on VEGFR autophosphorylation (activation) stimulated by VEGF and the immediate downstream signaling cascades. We treated HUVECs with FC for 30 min and then stimulated with 10 ng/mL VEGF for 10 additional minutes. As shown in Fig. 4B , FC nullified VEGF-induced VEGFR1 autophosphorylation at a concentration of as low as 10 μmol/L.
However, FC did not inhibit VEGF-induced VEGFR2 autophosphorylation nor did it affect VEGFR2 protein abundance. FC inhibited VEGF-induced phosphorylation of p125 FAK (pY861) and Src (pY416) in a concentrationdependent manner with an IC 50 of ∼20 μmol/L (Fig. 4B) . FC also inhibited VEGF-induced phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2), p38 (Fig. 4B) . In contrast, FC did not inhibit VEGF-induced AKT phosphorylation although phosphoinositide 3-kinase (PI3K)-AKT activation was a well-established response of HUVECs to VEGF-A/VEGFR2 stimulation. Because most of these changes belong to the VEGFR2-regulated downstream kinase pathways, these data therefore suggest that FC selectively targeted some (e.g., Src, FAK), but not all (e.g., PI3K-AKT), signaling events downstream of VEGFR2, but not VEGFR2 autophosphorylation (activation) itself.
Effect of FC on Src Kinase Activity
To confirm that the decreased phosphorylation of key VEGFR2 downstream kinases translated into decreased enzyme activities, we subjected lysates of FC-treated HUVECs to immunoprecipitation with anti-Src antibody and tested the in vitro kinase activity using Src substrate peptide. As shown in Fig. 4C , VEGF significantly increased Src kinase activity as expected, and the enzyme activity was decreased by pretreatment of HUVECs with FC in a concentration-dependent manner (Fig. 4C ), in parallel with the Src phosphorylation decline (Fig. 4B) .
To determine whether FAK and Src phosphorylation was also decreased by FC treatment in vivo, we analyzed LLC tumor sections by immunohistochemical staining. Data ( Supplementary Fig. S3 ) are consistent with likely targeting of these two key kinases in vivo by FC.
Docking Simulations with Src and FAK
To provide insights into how FC might affect Src and FAK enzyme activity without affecting VEGFR2 autophosphorylation, we carried out computer docking simulations for binding interactions of FC with the active sites of both kinases. The X-ray crystal structure of the active form of Src tyrosine kinase, 1Y57.pdb (26) , was used and Surflex-Dock reasonably reproduced the binding mode and conformation of the crystal ligand with a root mean square deviation (RMSD) of 1.71 Å. For FAK, 2IJM.pdb 5 was used and the RMSD between the crystal ligand and its docked conformation was 1.20 Å. Figure 5 (A and D) shows the active sites of Src and FAK, respectively, displaying the ATP-binding site and the presence of the hydrophobic pockets near the ATP-binding site in the crystal structure.
Docking simulation suggests that FC may bind to the ATP-binding site in two major binding poses for Src (Fig. 5B and C) . The benzopyran-2-one moiety of FC occupies the deep hydrophobic pocket in both binding modes. FC seems to be able to form a hydrogen bond with Met341 (Fig. 5B) , which is reported to be a key interacting residue with the adenine ring nitrogen of ATP (29) . This hydrogen bond is maintained in one binding mode, but not in the other mode. Interestingly, a hydrogen bonding with Lys295, which has been reported to be an interaction partner of α-phosphate group of ATP (27) , is required in the latter binding mode (Fig. 5C ).
For FAK, the benzopyran-2-one moiety of FC appears to occupy the region where the adenine part of ATP binds, maintaining the hydrogen bonding with Cys502. Figure 5 (E and F) shows the two possible binding poses of FC at the active site of FAK. However, FC may bind to active sites of FAK just like ATP without occupying the relatively shallow hydrophobic pocket of FAK, which differs from Src tyrosine kinase.
Comparison of FC Binding Sites in Src and FAK
To understand the structural basis for the potential binding differences of FC between Src and FAK, their crystal structures were aligned for comparison. Using the active Src kinase crystal structure (PDB ID: 1Y57) as a reference, the inactive Src kinase (PDB ID: 2H8H) and FAK (PDB ID: 2IJM) structures were aligned by sequence homology based on their α carbons as shown in Supplementary Fig. S4A . In the active Src (displayed in cyan ribbon), SH2 and SH3 domains are displaced at right angles, allowing the kinase domain to open compared with the inactive Src kinase (displayed in blue ribbons), which is a compact form.
The sequence identity between the kinase domains of Src and FAK (displayed in green ribbon) is ∼41%, and their overall secondary structures are also quite similar (to the RMSD of ∼2.1 Å) based on their α carbons. Src contains the characteristic deep hydrophobic pocket near the ATP-binding site. However, the shape and size of the hydrophobic pockets seem to be quite different between Src and FAK ( Supplementary Fig. S4B-D) . FC seems to easily bind into the hydrophobic pocket of Src, whereas the overall binding conformation of FC in FAK resembles that of ATP due to the spatial limitation of the pocket, suggesting the distinctively different binding modes of FC docking into Src and FAK. These predictions require experimental validation.
Discussion
Our results showed, to our knowledge for the first time, the antiangiogenic potential of FC isolated from F. assafoetida L. in a number of cell culture assays using HUVECs as the endothelial cell targets. Importantly, the in vitro antiangiogenic actions of FC manifested with exposure concentrations at or below 40 μmol/L, which did not cause cytotoxicity against non-angiogenically stimulated HUVECs. The battery of assays established the inhibition of the VEGF-induced tube formation on Matrigel (Fig. 1C) and the inhibitory effects of FC on the angiogenic responses of endothelial cells elicited by VEGF, including cell proliferation (Fig. 1D), migration (Fig. 2A) , invasion through Matrigel (Fig. 2B) , and expression of pro-MMP2 detectable by gelatin zymography (Fig. 2C) . Each of these VEGF-stimulated processes (increment) was inhibited by FC with IC 50 of 10 to 20 μmol/L in reference to the unstimulated baseline levels. We also confirmed the antiangiogenic potential observed in HUVEC models by the ex vivo rat aortic ring assay, which retained the three-dimensional tissue context and mixture of cell types (Fig. 2D) .
We established, also for the first time, the in vivo anticancer efficacy of FC in the highly angiogenesis-dependent LLC allograft model, demonstrating a potent suppression of tumor growth implanted on the flank of syngenic mice (Fig. 3B) , without adverse effect on the body weight of the hosts (Fig. 3A) . It is noteworthy that the potency of the effective dose of 1 mg/kg body weight would be on par with or even better than the taxane drugs for in vivo anticancer activity in the same model (30) . We chose the 1 mg/kg dose with the presumption of maximally achievable FC by i.p. delivery to be within the noncytotoxic range studied in the in vitro models to allow the antiangiogenesis actions to express. A direct measurement of the blood/serum or tumor tissue level of FC would be highly desirable to address the issue of its circulating and tissue-achievable levels for further mechanistic considerations. Nonetheless, the assumption seemed to bear out when we found by immunohistochemistry that the in vivo antitumor efficacy was associated with a reduction of intratumoral microvessel density (CD34 index for angiogenesis; Fig. 3C ) and tumor cell proliferation (Ki-67 index; Fig. 3D ), but without affecting TUNEL-positive apoptotic cells in the tumor sections (Fig. 3E) .
Our study also provided novel and mechanistic insights into how FC targets multiple facets of vascular endothelial angiogenic signaling through the VEGFR1 and VEGFR2 axes. VEGFR2 has strong tyrosine kinase activity, transducing the major signals for vascular endothelial responses in angiogenesis (12, (15) (16) (17) , including enhancing survival through activating PI3K-AKT, stimulating motility and actin reorganization through Rac as well as through p38 MAPK, and activation of ERK and DNA synthesis. There is now ample evidence that FAK and Src nonreceptor protein tyrosine kinases contribute to the endothelial responses (31) (32) (33) . VEGFR2 transduces signals through FAK, and the phosphorylation of FAK on Tyr397 creates a high-affinity binding site recognized by the SH2 domain of Src family kinases and leads to the activation of Src. Thus, activation of the FAK-Src complex is central to regulation of downstream signaling pathways that control angiogenesis events such as cell movement and survival. On the other hand, VEGFR1 plays a crucial role in negatively regulating angiogenesis in the embryo, most likely by trapping VEGF-A due to high affinity to prevent excessive signaling through VEGFR2 (17) . VEGFR1 is now known to play a positive role in promoting tumor angiogenesis by cross-talks among epithelial cells and other cell types because VEGFR1 is expressed in not only endothelial cells but also macrophage-lineage cells and tumor epithelial cells and respond to other physiologic ligands placental growth factor and VEGF-B in autocrine and paracrine manners to promote tumor growth, metastasis, and inflammation (17) .
On the one hand, FC interfered with binding of VEGF to VEGFR1/Flt-1 (Fig. 4A ) and also reduced VEGFR1 autophosphorylation (Fig. 4B) . These findings are consistent with the observation that FC directly targets the VEGFR1 axis at the receptor-ligand binding stage to decrease autophosphorylation. On the other hand, although FC did not affect VEGF binding to VEGFR2 (Fig. 4A) or its autophosphorylation (Fig. 4B) , the observed reduction of VEGF-induced phosphorylation of FAK-Src signaling pathways in VEGF-treated HUVECs and the observed suppression of ERK, p38 MAPK, and JNK phosphorylation without affecting pAKT implicate the possible selective and multiple targeting of the VEGFR2 downstream pathways, but not VEGFR2 ligand binding per se. Consistent with this notion, molecular modeling studies suggest that FC could inhibit Src kinase and FAK activity through its direct docking into the ATP-binding sites of these target proteins (Fig. 5) , although the binding modes of FC to the active sites of Src and FAK were projected to be quite different ( Supplementary Fig. S4 ). Proof of direct inhibitory action of FC on Src and FAK and the inhibition kinetics are to be obtained to substantiate the predictions.
Further computational analyses comparing the VEGFR1 and VEGFR2 structures might yield useful insights into the molecular basis of the differential targeting by FC of these two receptors. However, the lack of published protein crystal data for VEGFR1 has limited our attempt with this approach. It is known that VEGFR1 binds VEGF with at least 10 times higher affinity than does VEGFR2 (12, 17) . Future work should examine whether the specific inhibitory action of FC on VEGF-A/ VEGFR1 binding and signaling is applicable to other cell types that express this receptor to evaluate the merit of FC to affect cross-talks among endothelial and many other cell types that contribute to tumor angiogenesis and escapes from VEGF-A/VEGFR2-targeted antiangiotherapies (17) . Inactivating antibodies against VEGFR1 (16) or its other ligand PIGF (17) have shown significant antitumor activities in preclinical models, supporting the crucial role of targeting this signaling axis in other cell types as well as in vascular endothelial cells toward improving the overall efficacy of treating cancerassociated angiogenesis.
In conclusion, FC targets a number of angiogenesis signaling molecules/pathways involving endothelial cell proliferation, migration, invasion, and the expression of MMP-2 and tube formation of VEGF-induced HUVECs in vitro and inhibits the ex vivo angiogenic sprouting in the aortic ring assay. Mechanistic investigations reveal that FC may target multiple aspects of kinase signaling cascades of the VEGFR1 and VEGFR2 (FAK/Src) axes, likely through distinct mechanisms that remain to be further defined. These findings suggest that the strong antiangiogenic activity of FC may principally mediate its anticancer activity in vivo. FC merits further investigation as a novel candidate agent for antiangiogenic therapy, especially for complementing current VEGF-A/VEGFR2 targeting modalities.
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